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Neutron and synchrotron resonant X-ray magnetic scattering (RXMS) complemented by heat
capacity and resistivity measurements reveal the evolution of the magnetic structures of Fe and Ce
sublattices in single crystal CeFeAsO. The RXMS of magnetic reflections at the Ce LII-edge shows
a magnetic transition that is specific to the Ce antiferromagnetic long-range ordering at TCe ≈
4 K with short-range Ce ordering above TCe, whereas neutron diffraction measurements of a few
magnetic reflections indicate a transition at T ∗ ≈ 12 K with unusual order parameter. Detailed
order parameter measurements on several magnetic reflections by neutrons show a weak anomaly
at 4 K which we associate with the Ce ordering. The successive transitions at TCe and T
∗ can also
be clearly identified by two anomalies in heat capacity and resistivity measurements. The higher
transition temperature at T ∗ ≈ 12 K is mainly ascribed to Fe spin reorientation transition, below
which Fe spins rotate uniformly and gradually in the ab plane. The Fe spin reorientation transition
and short-range Ce ordering above TCe reflect the strong Fe-Ce couplings prior to long-range ordering
of the Ce. The evolution of the intricate magnetic structures in CeFeAsO going through T ∗ and TCe
is proposed.
PACS numbers: 74.25.Ha, 74.70.Xa, 75.30.Fv, 75.50.Ee
INTRODUCTION
Since the discovery of high-temperature superconduc-
tivity in the fluorine-doped LaFeAsO [1], the layered iron
pnictides have attracted considerable attention[2, 3]. In
these systems, superconductivity emerges by doping or
by the application of pressure[3, 4]. Although doping sup-
presses both the Fe magnetic order and lattice distortion
in the parent compounds, magnetism is believed to play
a major role in the superconducting pairing mechanism
as demonstrated, e.g., by the appearance of a magnetic
resonance in the superconducting state.[5, 6] Therefore,
understanding the magnetism in the iron-based parent
compounds can lead to insight about the mechanism that
induces superconductivity by doping or pressure.[7, 8]
CeFeAsO is a typical example of rare-earth-containing
RFeAsO, with a tetragonal-to-orthorhombic structural
transition upon cooling at TS ≈ 150 K that is followed
by the onset of stripe-like Fe AFM order below TN ≈ 140
K.[9, 10] Long-range AFM ordering of Ce below TCe ≈ 4
K was first reported in powder neutron diffraction studies
proposing a Ce magnetic structure that required further
confirmation.[10] This study also suggested that Ce-Fe
coupling is relatively strong as it influences the magnetic
Fe peaks above TCe up to ≈ 20 K. Furthermore, in sup-
port of strong Fe-Ce coupling, µSR measurements [11]
on polycrystalline CeFeAsO show a considerable 3d-4f
hybridization that leads to a considerable staggered Ce
magnetization up to almost 120 K, far above TCe. How-
ever, magnetization, resistivity and heat capacity mea-
surements on polycrystalline[12] and single-crystalline
[13] CeFeAsO have been interpreted in terms of very
weak or no Ce-Fe exchange coupling. It is interesting
to point out that as an outcome of the Pr-Fe coupling,
the iso-structural PrFeAsO exhibits temperature-induced
Fe spin reorientation [11, 14], whereas for LaFeAsO in-
volving non-magnetic La, the Fe moments are fixed to be
along the a-axis even at low temperatures [15]. Moreover,
temperature-induced Fe spin reorientation transition has
been observed in few non-pnictide compounds involv-
ing rare-earth R and Fe sublattices, such as RFeO3[16],
RFe2 [16], RFe11Ti [17] and R2Fe14B [18]. In these sys-
tems, the competing contributions of Fe and R sublat-
tices determine the temperature dependence of Fe mag-
netic anistropy[16–18]. Here, we report a combined mag-
netic resonant x-ray and neutron scattering study that is
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2also complemented by heat capacity and resistivity mea-
surements on CeFeAsO single crystal.
EXPERIMENTAL DETAILS
The CeFeAsO crystal was grown out of NaAs flux as
described previously.[19] An 8 mg plate-like crystal with
a c-axis perpendicular to its surface was used for all the
investigations reported here. X-ray powder diffraction of
crushed crystals from the same growth batch confirm the
P4/nmm space group with lattice constants a = 3.988
and c = 8.552 A˚ (lattice constants at room temperature
are also consistent with those obtained from the crystal
in this study).
The resonant x-ray magnetic scattering (RXMS) ex-
periments were performed on a six-circle diffractome-
ter at the 6-ID-B beamline at the Advanced Photon
Source (APS, Argonne National Laboratory, USA) at
and around the Ce LII absorption edge E = 6.1642 keV.
The crystal was mounted at the end of a cold finger of
a Displex cryogenic refrigerator and oriented so that the
scattering plane coincided with the (h0l) crystal plane
(orthorhombic notation, note that we keep using the or-
thorhombic notation for all the structural and magnetic
reflections). The resonant scattering measurements were
carried out with a linearly polarized beam perpendicu-
lar to the scattering plane (σ polarization). In this ge-
ometry, the component of the magnetic moment that is
in the scattering plane primarily contributes to the res-
onant scattering arising from electric dipole transitions
from the 2p-to-5d states, which reflects the symmetry
of the localized magnetic 4f shell through Coulomb in-
teractions between 4f and 5d bands.[20, 21]. The linear
polarization of the scattered radiation for dipole resonant
scattering is parallel to the scattering plane (pi polariza-
tion). In contrast, charge scattering does not change the
polarization of the scattered photons (σ − σ scattering).
[21, 22]
The elastic neutron-scattering measurements were car-
ried out on the HB1A fixed-incident-energy (E = 14.7
meV) spectrometer using a double pyrolytic graphite
monochromator (located at the High Flux Isotope Reac-
tor, HFIR, at Oak Ridge National Laboratory, USA). For
the neutron diffraction, the single crystal was wrapped in
aluminum foil and sealed in a helium-filled aluminum can
which was then loaded on the cold tip of a closed cycle
refrigerator. Two series of experiments with (h0l) and
(hk0) as the scattering planes were performed to collect
nuclear and magnetic Bragg reflections. Rocking scans
were resolution limited, confirming the high-quality of
the sample.
Heat capacity measurements on this and other two
pieces of crystals (see text) were carried out on a Phys-
ical Properties Measurement System (PPMS, Quantum
Design) using a semiadiabatic relaxation method. Re-
sistivity measurements were also performed on PPMS,
using a standard four-probe method.
RESULTS AND DISCUSSION
Iron magnetic ordering
Figure 1 shows the temperature dependence of the
integrated intensity of magnetic Bragg reflection (102)
and heat capacity of the same crystal. The anomaly
at TS ≈150 K in the heat capacity measurement marks
the structural transition from tetragonal P4/nmm to or-
thorhombic Cmma, consistent with TS observed in pre-
vious high-resolution x-ray scattering of a crystal from
the same batch growth.[15] Below TN ≈130 K, the inte-
grated intensity of the (102) magnetic Bragg reflection
emerges and increases smoothly, evidence for the onset
of the well-known stripe-like AFM ordering associated
with the Fe ions (also referred to as spin-density-wave,
SDW)[9, 10, 14]. Decreasing the temperature below ≈
12 K leads to gradual increase of the integrated intensity
of magnetic (102), suggesting the appearance of another
magnetic transition.
Using the integrated intensities from rocking curves
of nuclear and magnetic Bragg reflections, we calculate
the average magnetic moment 〈gs〉 associated with the
Fe ordering, the detailed procedure of which has been
described elsewhere[15, 23]. The magnetic moment and
form factor can be obtained by
gSfM(|q|) = 2
γnre
√
IMsin2θ
CM(q)|FM(hkl)|2sin2α ) (1)
where γn=-1.913, re=2.81794×10−5A˚ is the classical
electron radius, CM(q) function can be obtained from
analyzing the data of nuclear Bragg reflections, fM(|q|)
is the magnetic form factor at the magnetic recipro-
cal lattice (q), and sin2α =1-(qˆ · µˆ)2, where qˆ and µˆ
are the unit vectors along the scattering vector and
the direction of the Fe magnetic moment. |FM(hkl)| =
|Σsgnj exp[2pii(hxj + kyj + lzj)]|, where (xj , yj , zj) repre-
sents fractional coordinates of the j th atom in the AFM
unit cell (sgnj = ±).
Assuming that the Fe moments point along a axis as
reported previously [9–13], the observed magnetic Bragg
reflections, their q values, integrated intensities, and av-
erage magnetic moments are listed in Table I. The cal-
culated moments were also corrected on the basis of the
fact that the rocking curves of the nuclear Bragg peaks
in our measurements include contributions from the (h 0
0) and (0 k 0) orthorhombic twinned domains, whereas
the magnetic Bragg peaks are due to the (h 0 0) domain
only.[23] To estimate the average magnetic moment, we
use the Fe2+ form factor determined for SrFe2As2 [23]
and LaFeAsO[15].
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FIG. 1: (color online) Temperature dependence of (a) the
neutron integrated intensity of rocking-curve scan of the (102)
magnetic Bragg reflection and (b) heat capacity Cp. The in-
set of (a) shows the neutron diffraction rocking scans (raw
data) through the magnetic Bragg peak (102) at representa-
tive temperatures.
FIG. 2: (color online) Neutron diffraction rocking curves
through the magnetic Bragg reflections of (a) (301) at 40 K
and (b) (100) at 40 and 20 K after subtracting the background
at 190 K. The solid line (a) shows the expected curve of (301)
peak assuming Fe moments are along a axis with an average
magnetic moment 〈gs〉 = 0.90 µB . The solid lines of (b) show
the fitting curves using the Gaussian function.
TABLE I: The q values, experimental integrated intensities
Iexp, obtained average magnetic moments without Fe spin re-
orientation (ω=0), the simulated integrated intensities with-
out Fe spin reorientation Isim (ω=0) and with a Fe rotation
angle (ω=10o) of the magnetic reflections in consideration to
an average magnetic moment 〈gs〉 = 0.90 µB at 40 K in Ce-
FeAsO.
(hkl) q(A˚−1) Iexp 〈gs〉(µB)(ω=0) Isim(ω=0) Isim(ω=10o)
(100) 1.114 2.70±1.2 0 9.55
(101) 1.334 36.2±1.37 0.636±0.014 72.3 77.3
(102) 1.844 80.6±1.78 0.905±0.014 81.2 82.6
(120) 2.494 50.04±7.43 0.95±0.07 45.9 52.7
(300) 3.342 0 0 0.57
(301) 3.422 2.97±0.52 1.754±0.156 0.78 1.5
(303) 4.003 2.19±0.45 0.88±0.085 2.34 2.5
It can be seen in Table I that the average magnetic mo-
ment 〈gs〉 extracted from the (101) and especially (301)
magnetic Bragg peaks deviates from the values extracted
from other magnetic reflections. In addition, we observe
a very weak (100) peak (see Fig. 2 (b)) that is not al-
lowed by the stripe AFM magnetic structure with the
magnetic moment alone the a-axis. Here, we consider a
few possible explanations to this anomaly: 1) The mag-
netic form factor deviates from that of Fe2+ due to the
anisotropic d-orbital distributions. Based on band struc-
ture calculations, Lee et al. have argued that strong hy-
bridization of Fe-As orbitals can modify the form fac-
tor in an irregular form for different reflections.[23] 2)
The Ce magnetic short range ordering due to induced
Ce spins by the Fe sublattice may add anomalous con-
tribution to specific peak intensities that can affect the
calculation of the average Fe magnetic moments. Muon
spin relaxation (µSR) measurements show the magnetic
contribution from Ce moments is finite (∼ 0.075 µB at
40 K) and may induce such changes to the intensities of
some Bragg reflections.[11] This scenario is probably not
valid here since all line widths of magnetic reflections,
including the (101) and (301), and the weak (100) are
resolution limited as all other magnetic reflections, such
as (102) (see Fig. 1). 3)The Fe2+ magnetic moments are
not aligned along the a-axis but are uniformlly rotated in
the plane, which is the most likely explanation. We con-
ducted such simulations and found that a small Fe spin
rotation of ≈ 10o in the ab plane reduces the moment
at (301) significantly while affecting the other reflections
much less. This rotation with 〈gs〉 ≈ 0.9 µB better fits
the intensity of the (301) and also the observation of the
weak (100) peak (see Fig. 2(b)). As shown in Table I, the
Fe spin reorientation in the ab plane increases the simu-
lated integrated intensity to reconcile the observed weak
intensity of the (301) reflection (see Fig. 2 (a)) and also
predicts finite intensities at the (100). Our calculated Fe
ordered moment of ≈ 0.9 µB is comparable to that de-
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FIG. 3: (color online) Temperature dependence of the neutron
integrated intensity for magnetic Bragg peak at (a) (100) and
(b) (101). The insets show the corresponding neutron diffrac-
tion rocking scans (raw data) at representative temperatures.
termined by powder neutron diffraction, 0.8(1) µB [10],
but larger than the 0.34 µB inferred from the Mo¨ssbauer
spectra [14].
Two magnetic anomalies observed by neutron
diffraction, heat capacity and resistivity
measurements
The gradual increase in the intensity of the (102) mag-
netic reflection at around 12 K (see Fig. 1(a)) is accom-
panied with the significant increase in the intensity of
(100), (300), (101) and (120) magnetic reflections. Fig.
3 (a) and (b) show a detailed integrated intensity versus
temperature of the magnetic (100) and (101) reflections,
respectively, both exhibiting a weak slope change at ≈ 4
K in the integrated intensity versus T . The anomaly at
≈ 4 K is more obvious in the first derivative of the inte-
grated intensity with respect to temperature (performed
numerically, see Fig. 4 (a)). The successive magnetic
transitions at ≈ 12 K and 4 K observed in the neutron
diffraction measurements can be clearly identified as the
two anomalies in the heat capacity and resistivity mea-
surements, as shown in Fig. 4(b) and (c). The absence
of thermal hysteresis in the integrated intensities of the
magnetic (100) and (101) reflections upon warming and
cooling the sample suggests these are second-order phase
transitions. It is worthwhile noting that we also mea-
sured the heat capacity of another two pieces of CeFeAsO
crystals (the 2nd piece is from the same batch and the
3rd piece from a different batch). All samples show two
anomalies at T ≈ 12 and 4 K although the anomaly mea-
sured on the 2nd piece at ≈ 12 K is slightly weaker.
Note that our neutron diffraction result on (102) re-
flection is different from a previous report on polycrys-
talline CeFeAsO, where the (102) magnetic Bragg reflec-
tion shows initial increase at T ≈ 20 K and a much more
abrupt increase at T ≈ 4 K.[10] In addition, in this poly-
crystalline study it was also reported that (0 0 12 ) peak
was observed and associated with the ordering of the Ce.
In contrast, our single crystal study shows no detectable
peak at the (0 0 12 ) as shown in Fig. 5. In fact, long h
and l scans along principal directions at T = 1.8 K do not
show any evidence of magnetic unit cells that extend be-
yond the chemical cell, as shown in Fig. 5. Qualitatively,
these observations are evidence that the repeat unit of
all the magnetic orderings are confined to the chemical
unit cell. But, the results also raise the question about
the two anomalies observed in the specific heat, resistiv-
ity and in the order parameter measured on the (100),
(101), (120) or (102) reflections on CeFeAsO crystals. To
resolve these questions and get insight into the nature
of the two magnetic transitions, we conducted resonant
x-ray magnetic scattering (RXMS) study on CeFeAsO
taking advantage that this technique is element specific.
Ce LII RXMS measurements
Figures 6 (a) and (b) show L scans through the chem-
ically allowed charge peak (004) and a newly emerging
peak (104) at T = 8 and 2.4 K, measured at x-ray pho-
ton energy E = 6.165 keV, close to the Ce LII edge.
Whereas the (004) is practically unchanged at the two
temperatures, the (104) emerges at 2.4 and disappears
above ≈ 7.4 K. To confirm the magnetic origin of the
(104) peak, we conducted a photon energy scan at con-
stant Q value through the Ce LII edge at (104) and a
similar scan at the (004) charge reflection at 2.4 and 6
K (see Fig. 6(c)). At 2.4 K, a clear resonance peak at
6.165 keV is observed for the (104) Bragg reflection in
the σ − pi scattering geometry where most of the charge
resonant scattering signal appearing mainly in the σ-σ
geometry is suppressed, which is typical to resonant mag-
netic scattering at the LII edge of rare earth containing
compounds[21]. We also note that the resonance energy
is shifted by approximately 1 eV above the Ce LII ab-
sorption edge, as determined from the inflection point of
the charge (004) signal. Such a shift is evidence that the
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FIG. 5: (color online) Extended neutron diffraction scans
along l through (a) (001) and (b) (101) reflections, and along
h through (c) (100) and (d) (101) reflections at 1.8 K.
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FIG. 6: (color online) Resonant x-ray magnetic scattering at
the Ce-LII edge L scans through (a) charge reflection (004)
Bragg reflection and (b) magnetic reflection (104) at 2.4 and
8 K. (c) Photon energy scan at constant-Q values through
the Ce LII resonance at T = 2.4 and 6 K for the strictly
charge (004) Bragg reflection and the (104) magnetic Bragg
reflection.
resonance originates from dipole transitions between the
core 2p and the partially filled 5d states[22, 24]. Similar
resonant magnetic scattering is observed in energy scan
through the Ce LII edge for fixed Q at (103) reflection
(not shown here) and also in the energy dependence of
the integrated intensity of (103) peak at 2.4 K as shown
in the Fig. 7(a), confirming that both (103) and (104)
are Ce-specific magnetic reflections.
The temperature dependence of the (004) charge Bragg
reflection as well as the (103) and (104) magnetic re-
flections are shown in Fig. 7 (b) and (c), respectively.
Whereas the (004) reflection is practically constant as a
function of temperature (within uncertainties), the (103)
and (104) reflections are strongly temperature dependent
and show a transition at 4 K, corresponding to the peak
in the derivative of the integrated intensity for both (103)
and (104) magnetic reflections with respect to tempera-
ture. The gradual increase in the integrated intensity
and the absence of the thermal hysteresis upon both
warming and cooling processes indicate the second-order
nature of the transition. All these results confirm the
formation of Ce AFM long-range ordering via Ce-Ce
exchange interaction below TCe ≈ 4 K. Note that this
is consistent with magnetic susceptibility measurements,
which show an effective moment of 2.25 µB per Ce
3+
ion, close to the free-ion value of 2.54 µB and a negative
Weiss temperature of ≈ -17 K indicative of a dominant
AFM Ce-Ce coupling.[14] The measured transition tem-
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FIG. 7: (color online) (a) Energy dependence of resonant
magnetic scattering integrated intensities collected at T =
2.4 K through the Ce LII edge for fixed Q at (103) magnetic
Bragg reflection. The inset shows the representative distri-
bution of l scans through the magnetic peak (103) measured
at different energies at 2.4 K. (b) Temperature dependence
of the integrated intensity of charge reflection (004) and (c)
magnetic reflections (103) and (104) at E=6.165 keV. The
right inset of (c) shows the resonant x-ray magnetic scatter-
ing h scans through magnetic reflection (103) at 2.4 and 6.2
K. The left inset of (c) is the enlarged resonant x-ray mag-
netic scattering h scans through magnetic reflection (103) at
6.2 K
perature by RXMS, TCe ≈ 4 K, is in good agreement
with the anomaly observed in our heat capacity, resistiv-
ity measurements and also the low temperature anomaly
observed in the (100), (101), (120) and (102) neutron
diffraction studies.
We point out that a tail in the resonant x-ray magnetic
scattering Q scans for magnetic (103) and (104), i.e.,
nonzero integrated intensity is observed above T Ce=4 K
up to at least 7.4 K. As shown in the insets of Fig. 7 (c)
at a representative temperature of 6.2 K, the linewidth of
the magnetic (103) peak is approximately 50% broader
than that at 2.4 K. We estimate that the Ce magnetic cor-
relation length at 6.2 K is shorter than 150 A˚. This short-
range Ce ordering is most probably due to the polarized
Ce moments by Fe-Ce coupling as observed by µSR mea-
surements on polycrystalline CeFeAsO sample[11].
Nature of the transition at T ∗, Ce-Fe coupling and
Ce long-range AFM magnetic structure
Whereas the RXMS shows a single transition associ-
ated with the Ce ordering at TCe ≈ 4 K, the neutrons
show abrupt increase in the intensity of the magnetic re-
flections, such as (100), (101), (102) and (120) at T ∗ ≈ 12
K, and only a subtle anomaly at TCe. We emphasize that
the neutron and RXMS were conducted on the same crys-
tal. Moreover, we also performed RXMS measurements
on the third piece of crystal from a different batch and
obtained reproducible results. Since either Fe spin re-
orientation, short range ordering development of Ce, or
both may be responsible for the anomaly at T ∗, we fur-
ther examine the nature of this anomaly. Below we argue
that the anomaly is mainly due to Fe spin reorientation,
with a probable minor contribution from Ce short-range
ordering.
As shown in Fig. 8(a), the (100) integrated intensity,
not allowed by the Fe SDW magnetic structure with the
moment along a-axis, is negligible compared to other
magnetic reflections such as (101), (102), (120) above T ∗,
but the (100) integrated intensity increases significantly
and becomes the strongest peak below ≈ T ∗. This spe-
cial phenonmenon thereby leads to two distinct features
below/above T ∗ in the q dependence of the integrated
intensity of the different magnetic reflections in Fig. 8
(b). Another important observation in our experiment is
that the temperature dependence of the intensity ratio of
(102)/(120) exhibits an increase below T ∗, as shown in
the inset of Fig. 8(a). If there is no Fe spin reorientation,
the short-range Ce ordering by itself would have yielded
a constant in the temperature depedence of this ratio.
Moreover, as shown in Fig. (1) and (3), we notice that
the full-width at half maximum (FWHM) in the rock-
ing curve of the new emerged (100) magnetic peak at 10
K is very similar to the almost temperature-independent
FWHM values of long-range (101) and (102) magnetic
Bragg reflections and also nuclear Bragg reflections below
TN. This is evidence that (100) peak is due to long-range
ordering and therefore is not induced by the short-range
Ce ordering.
The appearance and a significant increase in intensity
of the long-ranged (100) magnetic Bragg peak and the
anomalous intensity ratio of the (102)/(120) can be ex-
plained by a uniform rotation of the Fe moment in the
ab-plane away from the a-axis as expressed by the sin2 α
term in Eq. (1) where α is the angle between a scattering
vector and the spin direction. The angular dependence of
the magnetic structure factors (|FM(hkl)|)2sin2α in the
ab-plane due to this term is shown in Fig.9(a). It can be
seen that with the increase of angle ω between Fe moment
7and a-axis in the ab plane, the magnetic structure factor
of (100) peak increases much faster than (101) and (102)
peaks, which has a tendency to result in the highest inte-
grated intensity. We simulated the magnetic integrated
intensity IM at 10 K and 6 K by considering various ω
values and adjusting the average magnetic moment 〈gS〉.
As shown in Fig. 9(b), the Fe spin reorientation with
absolute value of ω of ≈ 45o, together with the increase
of magnetic moment to be ≈ 0.98 µB is consistent with
the experimental result at 10 K. The simulated intensity
ratio of IM(102)/IM(120) is also consistent with the ex-
perimental result, as shown in the inset of Fig. 8 (a).
Alternatively, calculation of gSfM(|q|) according to Eq.
1 using the experimental data at 10 K, shows an irregular
and unphysical form factor if there is no Fe spin reorien-
tation. This can be rectified by a rotation of the Fe spins
to about 45 degrees in ab plane that shifts the gSfM(|q|)
values significantly to yield a smoother Fe2+ form factor,
with an average magnetic 0.98 µB , as shown in the inset
of Fig. 9 (b). It is interesting to point out that with the
increase of the absolute values of ω, there is a crossover
between two distinct features in the q dependence of sim-
ulated IM, showing similar behavior to the experimental
IM with decreasing the temperatures (see Fig. 8 (b)).
This strongly suggests that at T ∗ significant uniform Fe
spin reorientation away from a axis in the ab plane takes
place. This is further confirmed by our simulation at 6 K
that shows a Fe spin reorientation angle of ≈ 60 degree
with an average magnetic moment of 1.1 µB . Moreover,
the simulated intensity ratio of IM(102)/IM(120) is also
within the error bar of the experimental intensity ratio at
6 K (see Fig. 8 (a)). We also conducted similar simula-
tions assuming Fe spin reorientation in the ac plane, and
found it is inconsistent with the experimental data at 10
K and 6 K. Therefore, the anomaly at T ∗ in CeFeAsO is
mainly ascribed to the Fe spin reorientation away from
a-axis in the ab plane while preserving the underlying
SDW magnetic structure. The overlap of Ce magnetic
Bragg peaks with those of reoriented Fe spins makes it
impossible to state whether Fe spins continue to reorient
below TCe.
The Fe spin reorientation proposed is not unique to for
CeFeAsO. It was observed in the iso-structural PrFeAsO
where the in-plane stripe-like Fe AFM order is preserved
but the Fe moments rotate to out-of-plane collinear AFM
order below TPr ≈ 11 K via Pr-Fe interaction.[11, 14]
Note that whereas the long-range Pr moments point
along the c-axis and the Fe moments rotate toward that
axis in PrFeAsO, the long-range Ce moments are in the
ab plane as discussed below and the Fe moments rotate
in the ab plane in CeFeAsO, possibly reflecting the mag-
netic anisotropy of Fe sublattice by Ce magnetism via
the Ce-Fe interaction in CeFeAsO. Based on our analy-
sis, we cannot rule out the possibility that short-range Ce
ordering slightly contributes to the anomaly at T ∗. Our
RXMS results indicate gradual but less prominent Ce po-
FIG. 8: (color online) (a) The temperature dependence of
the integrated intensities of several magnetic reflections. In
the inset, the blue open symbols with three representative
error bars show the ratio between the experimental integrated
intensities of (102) and (120) magnetic reflections. The red
solid symbols show the simulated results on this ratio at 40,
10 and 6 K under the absolute values of ω of 10o, 45o and
60o, respectively. (b) The q dependence of the experimental
integrated intensities for the magnetic reflections at different
temperatures.
larization up to at least 7.4 K as is expected from the mu-
tual effect of the Ce-Fe coupling on both sites. Since the
anomaly at T ∗ is mainly ascribed to the Fe spin reorienta-
tion, we hypothesize that the induced finite Ce moments
extends even to a higher temperature ≈ 120 K, as ob-
served in µSR studies [11]. The mutual influence between
Fe and Ce sublattice above TCe indicates that the Ce-Fe
coupling due to non-Heisenberg anisotropic exchange as
previously suggested[11], is strong in CeFeAsO. This is
consistent with the rather large Ce-Fe coupling constant
65.3 T/µB on the order of the Ce-Ce exchange inter-
action obtained from the µSR measurements[11]. The
strong Ce-Fe coupling is also supported by inelastic neu-
8FIG. 9: (color online) (a) The magnetic structural facotors
(|FM(hkl)|)2sin2α for the different magnetic reflections as a
function of the angle ω between a axis and the direction of Fe
magnetic moment within ab plane. (b) The simulation (open
symbols) on the q dependence of integrated intensities for the
magnetic reflections under different absolute values of ω at
10 K. The solid squares show the experimental data at 10 K.
The inset illustrates the simulation on the q dependence of
the gSfM(|q|) under representative absolute values of ω of 0,
20 and 45 degree.
tron scattering [25, 26] experiments showing the Ce crys-
talline electric field split.
We point out that the mutual Ce-Fe coupling in Ce-
FeAsO is similar to that observed in other systems in-
volving rare-earth and transition-metal couplings, such
as in NdFeO3[27], NdNiO3[28, 29], DyVO3 [30] and in
NdCrO3 [31]. For example, in NdFeO3, Nd moments are
slightly influenced by iron moments below T ≈ 25 K, and
are fully ordered only at 1 K. A spin reorientation tran-
sition occurs in a wide temperature range from 167 to
125 K, with a gradual rotation of Fe moments in the ac
plane from GxFz to GzFx magnetic structure.[27]. For
DyVO3, a complex temperature-induced V spin reorien-
tation from C-G-C type AFM ordering occurs with the
b
a
(a) (b)
z/2 -z/2 z=1/2
Ce Ce Fe
FIG. 10: (color online) (a) The magnetic unit cells of Ce and
Fe in polycrystalline CeFeAsO below TCe proposed by Zhao
et al. [10]. The bottom figure shows our simulation on the
neutron diffraction patterns based on their model. The z co-
ordinate of Ce is ≈ 0.1413. (b) Our proposed magnetic unit
cells of Ce and Fe, and the simulation on corresponding pow-
der neutron diffraction patterns below TCe in single-crystal
CeFeAsO.
decrease of temperature. The ordering of Dy moment
emerges at ≈ 18 K, whereas a slight ordering of Dy mo-
ment via Dy-V coupling starts at ≈ 36 K.[30]. In the
case of NdCrO3, while the Cr spin reorientation happens
at ≈34.2 K, the Nd-Cr interaction starts to polarize the
Nd moments at ≈ 11 K before Nd becomes long-range
ordered[31].
We now turn to discuss the long-range Ce AFM or-
dering below TCe ≈ 4 K. Zhao et al. [10] proposed a
magnetic structure of Ce sublattice based on their pow-
der neutron measurements. The projections of nearest-
neighbor Ce moments in the ab plane are perpendicular
to each other with slight tilting of Ce moments towards
the c-axis, forming a non-collinear magnetic structure.
Based on this model, we simulated the magnetic powder
diffraction due to the Fe SDW and the combined Ce-Fe
ordering, as shown in Fig. 10(a). This model predicts
a few new magnetic reflections such as, (0 0 12 ), (1 1
1
2 ), (2 0
1
2 ) below TCe, whereas our single crystal neu-
tron diffraction measurements do not show any of these
reflections, especially the strongest (0 0 12 ). The incon-
sistency below TCe indicates that the long-range order-
ing of Ce is likely sensitive to the differences in sample
form, i.e., polycrystalline versus single-crystalline. In-
deed, magnetic susceptibility and transport properties of
three different samples (two crystals and polycrystalline
CeFeAsO) were reported to exhibit sample dependent
properties even on the Fe ordering.[9] As compared to
the polycrystalline samples, the single crystals are be-
lieved to be more stoichiometric, especially when samples
involve oxygen element.[15] Here, we propose another
913511K
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b
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FIG. 11: (color online) Schematic illustration of our proposed
ordering processes of structural and complex magnetic tran-
sitions for Ce and Fe sublattices in CeFeAsO single crystal.
The dashed line indicates the polarized Ce spins exist up to
one temperature above TCe. Our detailed analysis suggests
possible occurrence of a small Fe spin reorientation above T ∗.
non-colinear magnetic structure of Ce sublattice based
on our neutron diffraction measurements on single crys-
tal CeFeAsO: the nearest-neighbor Ce moments in the ab
plane are antiparallel and the other pair in the adjacent
plane are perpendicular to the first one. The long-range
Ce and Fe ordering below TCe in CeFeAsO crystal is il-
lustrated in Fig. 10 (b) (For lack of further evidence, the
Fe spin reorientation angle below TCe is assumed to be
close to 60o as obtained at 6 K). Our proposed sequence
of structural and magnetic transitions for both Fe and
Ce sublattices in CeFeAsO is summarized in Fig. 11.
CONCLUSION
The low-temperature magnetic structures, the ordered
magnetic moments and the interplay between Ce and
Fe magnetism in CeFeAsO single crystal are reported.
While the Fe AFM stripe order emerges below T N, sig-
nificant Fe spin reorientation transition occurs in the ab
plane as the temperature decreases below T ∗ ≈ 12 K.
RXMS shows that the Ce spins undergo long-range non-
colinear AFM ordering below TCe = 4 K. Partial polarized
Ce spin ordering likely occurs above TCe. The tempera-
ture evolution of Ce moments and the interplay between
Ce and Fe in CeFeAsO have been proposed, the pic-
ture of which is similar to other rare-earth-based NdFeO3
NdNiO3, DyVO3 and NdCrO3 systems. The effect of the
strong Ce-Fe coupling on the rearrangement of Fe order-
ing is yet another example of the vulnerability of the Fe
spin-density-wave to perturbations such as minute dop-
ing or relatively low applied pressures.
ACKNOWLEDGMENTS
Research at Ames Laboratory is supported by the US
Department of Energy, Office of Basic Energy Sciences,
Division of Materials Sciences and Engineering under
Contract No. DE-AC02-07CH11358. Use of the Ad-
vanced Photon Source at Argonne National Laboratory
and the high flux isotope reactor at the Oak Ridge Na-
tional Laboratory, was supported by the US Department
of Energy, Office of Science, Office of Basic Energy Sci-
ences, under Contract No. DE-AC02-06CH11357. Work
at ORNL was supported by the U.S. Department of En-
ergy, Basic Energy Sciences, Materials Sciences and Engi-
neering Division (JQY) and the Scientific User Facilities
Division (WT and JLZ).
∗ Electronic address: qzhangemail@gmail.com
† Electronic address: vaknin@ameslab.gov
[1] Y. Kamihara, T. Watanabe, M. Hirano, and H. Hosono,
J. Am. Chem. Soc. 130, 3296 (2008).
[2] P. Dai, J. Hu and E. Dagotto, Nature Physics, 8, 709
(2012).
[3] S. Fujitsu, S. Matsuishi, H. Hosono, Int. Mat. Rev., 57,
311 (2012).
[4] Q. Zhang, W. J. Wang, J. W. Kim, B. Hansen, N. Ni,
S. L. Bud’ko, P. C. Canfield, R. J. McQueeney, and D.
Vaknin,Phys. Rev. B 87, 094510 (2013).
[5] A. D. Christianson, E. A. Goremychkin, R. Osborn,
S. Rosenkranz, M. D. Lumsden, C. D. Malliakas, I. S.
Todorov, H. Claus, D. Y. Chung, M. G. Kanatzidis, R. I.
Bewley, and T. Guidi, Nature (London) 456, 930 (2008).
[6] M. D. Lumsden, A. D. Christianson, D. Parshall, M. B.
Stone, S. E. Nagler, G. J. MacDougall, H. A. Mook, K.
Lokshin, T. Egami, D. L. Abernathy, E. A. Goremychkin,
R. Osborn, M. A. McGuire, A. S. Sefat, R. Jin, B. C.
Sales, and D. Mandrus, Phys. Rev. Lett. 102, 107005,
(2009).
[7] J. Zhao, D. T. Adroja, D.-X. Yao, R. Bewley, S. Li, X.
F. Wang, G. Wu, X. H. Chen, J. Hu, and P. Dai, Nat.
Phys. 5, 555 (2009).
[8] W. Tian, W. Ratcliff, M. G. Kim, J.-Q. Yan, P. A. Kien-
zle, Q. Huang, B. Jensen, K. W. Dennis, R. W. McCal-
lum, T. A. Lograsso, R. J. McQueeney, A. I. Goldman, J.
W. Lynn, and A. Kreyssig, Phys. Rev. B 82, 060514(R)
(2010).
[9] A. Jesche, C. Krellner, M. de Souza, M. Lang, and C.
Geibel, Phys. Rev. B 81, 134525 (2010).
[10] J. Zhao, Q. Huang, Clarina de la Cruz, Shiliang Li, J. W.
Lynn, Y. Chen, M. A. Green, G. F. Chen, G. Li, Z. Li,
J. L. Luo, N. L. Wang and Pengcheng Dai, Nat. Mater.
7, 953 (2008).
[11] H. Maeter, H. Luetkens, Yu. G. Pashkevich, A. Kwadrin,
R. Khasanov, A. Amato, A. A. Gusev, K. V. Lamonova,
D. A. Chervinskii, R. Klingeler, C. Hess, G. Behr, B.
Bu¨chner, H.-H. Klauss,Phys. Rev. B 80, 094524 (2009).
[12] G. F. Chen, Z. Li, D. Wu, G. Li, W. Z. Hu, J. Dong, P.
Zheng, J. L. Luo, and N. L. Wang, Phys. Rev. Lett. 100,
247002, (2008).
10
[13] A. Jesche, C. Krellner, M de Souze, M Lang, and C.
Geibel, New J. Phys., 11, 103050 (2009).
[14] Michael A McGuire, Raphae¨l P Hermann, Athena S Se-
fat, Brian C Sales, Rongying Jin, David Mandrus, Fer-
nande Grandjean and Gary J Long, New J. Phys. 11,
025011 (2009).
[15] H.-F. Li, W. Tian, J.-Q. Yan, J. L. Zarestky, R. W. Mc-
Callum, T. A. Lograsso, and D. Vaknin, Phys. Rev. B
82, 064409 (2010).
[16] K. P. Belov, A. K. Zvezdin, A. M. Kadomtseva and R.
Z. Levitin, Usp. Fiz. Nauk, 119, 447 (1976).
[17] K.Yu. Guslienko, X.C. Kou, and R. Gro¨ssinger, J. Magn.
Magn. Mater., 150, 383, (1995).
[18] C. Pique´, R. Burriel, and J. Bartolome´, J. Magn. Magn.
Mater., 154, 71, (1996).
[19] J.-Q. Yan, S. Nandi, J. L. Zarestky, W. Tian, A. Kreyssig,
B. Jensen, A. Kracher, K. W. Dennis, R. J. McQueeney,
A. I. Goldman, R. W. McCallum, T. A. Lograsso, Appl.
Phys. Lett., 95, 222504 (2009).
[20] D. F. McMorrow, S. E. Nagler, K. A. McEwen, and S.
D. Brown, J. Phys.: Condens. Matter 15, L59 (2003).
[21] J. W. Kim, Y. Lee, D. Wermeille, B. Sieve, L. Tan, S. L.
Bud’ko, S. Law, P. C. Canfield, B. N. Harmon, and A. I.
Goldman, Phys. Rev. B 72, 064403 (2005).
[22] S. Nandi, A. Kreyssig, Y. Lee, Yogesh Singh, J. W. Kim,
D. C. Johnston, B. N. Harmon, and A. I. Goldman, Phys.
Rev. B 79, 100407(R) (2009).
[23] Y. Lee, D. Vaknin, H. Li, W. Tian, J. L. Zarestky, N. Ni,
S. L. Bud’ko, P. C. Canfield, R. J. McQueeney, and B.
N. Harmon, Phys. Rev. B 81, 060406 (2010).
[24] J. P. Hannon, G.T. Trammell, M. Blume, and D. Gibbs,
Phys. Rev. Lett. 61, 1245 (1988).
[25] S. Chi, D. T. Adroja, T. Guidi, R. Bewley, S. Li, J.
Zhao, J. W. Lynn, C. M. Brown, Y. Qiu, G. F. Chen, J.
L. Lou, N. L. Wang, and P. Dai, Phys. Rev. Lett. 101
217002 (2008).
[26] S. Li, D. Yao, Y. Qiu, H. J. Kang, E. W. Carlson, J.
Hu,G. Chen, N. Wang,and P. Dai, Front. Phys. China 5,
161 (2010)
[27] J. Bartolome´, E. Palacios, M. D. Kuz’min, F. Bartolome´,
I. Sosnowska, R. Przenios lo R. Sonntag, and M. M. Luk-
ina, Phys. Rev. B 55, 11432 (1997).
[28] J. L. Garc´ıa-Mun˜oz, J. Rodr´ıguez-Carvajal, and P. La-
corre, Phys. Rev. B 50, 978 (1994)
[29] F. Bartolome´, J. Bartolome´, and R. S. Eccleston, J. Appl.
Phys. 87, 7052 (2000)
[30] Q. Zhang, K. Singh, C. Simon, L. D. Tung, G. Balakr-
ishnan and V. Hardy, arXiv:1210.6373, (2012).
[31] Fernando Bartolome´, Juan Bartolome´,Miguel Castro,
and Julio J. Melero, Phys. Rev. B 62, 1058 (2000).
